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Abstract
Persistent decrease in the productivity of cowpea (Vigna unguiculata L.) has been
partly due to attack by bruchids including Zabrotes subfasciatus and Callosobruchus
maculatus. Resistance to these insects in Phaseolus vulgaris L. has been shown to be
associated with arcelins, a family of seed proteins encoded by a multigenic family of
lectins on the APA locus. In this work, we report the construction of an expression
vector containing Arc1 gene isolated from P. vulgaris and introduced into cowpea as a
strategy to confer resistance to insect attack. Following transformation and selection,
feeding experiments in which C. maculatus and Z. subfasciatus were fed with trans-
genic (L3 and L5) and non-transgenic (control) grains showed that introduced gene
protected the transgenic line. Significant differences (p < .05 and p < .01) were found
in the number of eggs laid, the number of emerging insects and the loss of grain mass
in L3, compared with control, for both insects. Similar observations were made in L5
with the exception of the number of laid eggs. The strategy here described may form
the basis for the development of a cowpea variety tolerant to bruchids in a crop culti-
vated by farmers throughout Latin America and Africa.
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1 | INTRODUCTION
Cowpea (Vigna unguiculata L.) is produced and consumed in many
tropical and subtropical regions, with Africa being the largest producer
(predominantly in Nigeria and Niger) followed by Brazil (Falayi, 2017).
As a food security crop, cowpea is an important source of protein for
poor farmers in these regions (Singh et al., 2002; Diouf, 2011). In
Brazil, where it is mainly cultivated by small-holder farmers, cowpea
productivity increased from 323 to 506 kg ha−1 in 2018 (Bomfim-
Silva et al., 2018; Brito Alves et al., 2018). However, this productivity
is still far below its theoretical yield due to a number of biotic stresses
including attack by insect pests such as Zabrotes subfasciatus
(Coleoptera: Bruchidae) and Acanthoscelides obtectus (Coleoptera:
Bruchidae).
Damage caused by Z. subfasciatus and A. obtectus leads to loss of
market value and seed quality, making it unfit for consumption and
planting (Paes et al., 2000; Alvarez-Alfageme et al., 2012; Zaugg et al.,
2013). The larvae of both species infest the pods, completing their
metamorphosis in the seed and emerging through holes only in adult-
hood, when they restart their life cycle again (Grossi de Sa et al.,
1997; Mbogo et al., 2009; Sperandio & Zucoloto, 2009). In Brazil,
losses due to attack by these insects may vary from 7 to 15% of the
grains and can reach more than 40% in the northeastern region
(Araya & Getu, 2009). However, attack of cowpea under storage con-
ditions may lead to deterioration of grain quality and quantity,
resulting in losses as high as 30–50% of the annual yield in tropical
Africa (Suleiman, 2016). In Ethiopia, losses may be as high as 60% and
in Nigeria between 50 and 80% (Falayi, 2017).
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Although Z. subfasciatus attacks both common bean and cowpea,
Callosobruchus maculatus colonises only cowpea (Silva et al., 1999;
Sanon et al., 2018), especially in storage (Cope & Fox, 2003). Genetic
resistance against bruchids is in Phaseolus vulgaris and is associated
with seed proteins family of alpha amylase inhibitor, phytohemaggluti-
nin and lectin-like proteins (APL) called arcelin (Arc) (Lioi et al., 2007;
Bifano et al., 2010; Zaugg et al., 2013). Encoded by a multigenic family
of lectin on the APA locus, Arc represents a critical post-harvest man-
agement tool in biotechnology for the control of insects in susceptible
legumes, including cowpea. Indeed, over 200 accessions were tested
for resistance against bruchids with high levels of resistance trans-
ferred from wild species to cultivated genotypes (Schoonhoven &
Cardona, 1982).
Named after Arcelia, a Mexican city where they were first identi-
fied in 210 wild common bean genotypes, Arc components of a multi-
gene family of lectins are encoded by the APA locus [arcelin (Arc)/
phytohemagglutinin (PHA)/α-amylase inhibitor (αAI). The APA gene fam-
ily is known to consist of a cluster located in the same locus as the B4
linkage group of the bean genetic map being inherited independently
(Blair et al., 2010).
Proteins of the APA locus are mainly expressed in the embryonic
axis and the cotyledons during the formation of the bean seed (Blair
et al., 2010). Up to seven variants of the gene, namely Arc1 to Arc7,
have been identified (Lioi et al., 2003; Zaugg et al., 2013). Of these,
Arc1 and Arc5 have been shown to confer the highest resistance to
Z. subfasciatus in wild P. vulgaris and Arc4 and Arc2 to a lesser extent.
However, Arc3 has been shown to confer the least resistance (Osborn
et al., 1986; Cardona et al., 1990; Paes et al., 2000; Lioi et al., 2003;
Zaugg et al., 2013).
The basis for antibiosis of Arc1 in Z. subfasciatus is in its ability to
inhibit the growth of seed larvae caused by alteration of the gut struc-
ture and the penetration of Arc into the hemolymph of bruchid (Paes
et al., 2000; Blair et al., 2010; Zaugg et al., 2013). However, only those
seeds containing Arc4 confer resistance to both Acanthoscelides
obtectus and Z. subfasciatus (Cardona et al., 1990; Paes et al., 2000;
Lioi et al., 2003; Zaugg et al., 2013). More recently discovered ver-
sions of the APA variants, namely Arc8 and ARL8, may be also
involved in bruchid resistance to A. obtectus (Zaugg et al., 2013).
Studies on the effect of four Arc alleles (Arc1 to Arc4) have shown
that Arc1 possesses the highest level of antibiosis in Z. subfasciatus,
with reduced oviposition, emerging adults and high mortality (Barbosa
et al., 1999; Paes et al., 2000; Blair et al., 2010; Zaugg et al., 2013).
The abundance of Arc and their ability to attack the digestive
tracts of a narrow range of insect species make them potential candi-
dates for the control of insects using different biotechnological
approaches including genetic transformation.
Genetic transformation is an important tool for generating
farmer-preferred crop varieties with bruchid resistance. A strategy
that ensures inherent protection of cowpea/bean grains through the
expression of Arc would pave the way for addressing the devastating
consequences of the post-harvest losses caused by these insects.
Transgenic cowpea lines expressing Arc1 seemed to present tolerance
to C. maculatus and Z. subfasciatus, as shown by low emergence of
adults and reduced losses of grains. Isolation of Arc from Lablab
purpureus (L.) Sweet and its introduction as an artificial, seed-shaped
diet with different concentrations (0.02–0.08 w/w) in a bioassay with
C. maculatus revealed that there was no correlation between the num-
ber of eggs and concentration of Arc in the diet (Janarthanan et al.,
2012). At the level of 0.4% w/w, there was no change in oviposition.
However, increasing the protein concentration to 0.08% w/w
prevented adults from emerging (Janarthanan & Suresh, 2003). It has
been shown that the Arc proteins present inhibitory activity for
Z. subfasciatus prolonging the larval stage and reducing the emergence
of adults (Paes et al., 2000; Zaugg et al., 2013). Depending on the Arc
variant, resistance levels of insect infestation occur differently, with
Arc1 being associated with resistance to Z. subfasciatus and, Arc4
associated with resistance to Z. subfasciatus and A. obtectus (Carlini &
Grossi-De-Sá, 2002; Zaugg et al., 2013).
Here, we report on the development of genetically engineered cowpea
lines by introducing an Arc1 gene from P. vulgaris into the plant genome in
an attempt to confer resistance to Z. subfasciatus andC.maculatus.
2 | MATERIALS AND METHODS
2.1 | Vector construction and genetic
transformation of cowpea
The mutated ahas gene from Arabidopsis thaliana was synthesised
according to the GenBank ID CP002686.1 (position 18004603 to
18000308) containing the 1061 bp 50 region, 2014 bp coding sequence
and 1221 bp 3´region. The ahas gene has a mutation at position 653 bp
of the coding sequence that confers imidazolinone-specific resistance
(Sathasivan et al., 1990), and was cloned between the NotI and XbaI sites
from the pBluescript II SK(−), generating the pAHAS vector. The Arc1
gene from P. vulgaris was synthesised according to GenBank accession
M68913, (950 bp 50 region, 799 bp coding sequence and 391 bp 30
region) and cloned into the pAHAS vector between the XhoI and PstI
sites. The pAHAS-Arc1 vector (Figure 1) was used to transform cowpea
(var. BRS Imponente) (Ivo et al., 2008). Before particle bombardment, the
vector was digested with FspI to remove the AmpR gene, which confers
tolerance to ampicillin. Gene syntheses were done by Epoch Life Science
Inc (Sugar Land, Texas).
F IGURE 1 Diagram representing the vector pAHAS-Arc1
containing the arcelin 1 coding gene from Phaseolus vulgaris Arc100
(Arc1 50: Arc1 gene promoter; Arc1cd: arcelin coding sequence; Arc1
30: Arc1 gene terminator), and the ahas gene (ahas50: ahas gene
promoter; ahas cd: Arabidopsis thaliana AHAS coding sequence;
ahas30: ahas gene terminator), which confers tolerance to
imidazolinones. Small arrows indicate primers used for PCR screening
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2.2 | Screening of transgenic cowpea plants and
progeny analyses
T0 lines and T1 progenies were analysed by PCR to detect the
Arc1 gene. PCR was carried out using the primers ARCF1
(GGACTCTATGGGCCGCGCCT) and ARCR2 (AGGACGTTGTGCGT
TTCAGTGGT) to amplify 511 bp within the Arc1 gene. Chi-square (χ2)
analyses were performed to determine whether the observed segre-
gation ratio was consistent with a Mendelian ratio of 3:1 or 15:1 in
the T1 generation.
2.3 | Detection of the Arc1 protein in the
transgenic plants
Western blot analysis was carried out as described by Zaugg et al.
(2013) to detect the Arc1 protein in seeds of transgenic cowpea lines.
Total protein from seeds of P. vulgaris Arc100, from which Arc1 iden-
tified, was used as a positive control. The polyclonal antibody pro-
duced in rabbits against APA proteins was used in a ratio of 1:2000
in TBS.
2.4 | Insect bioassays
Bruchids (Z. subfasciatus and C. maculatus) were obtained from
Embrapa Arroz e Feij~ao (Santo Antônio de Goiás, GO, Brazil) and
maintained in the Laboratory of Entomology of Embrapa Recursos
Genéticos e Biotecnologia (Brasília, Brazil). Prior to bioassays, seeds
(T4 generation) were conditioned at 25 ± 1C for a period of 2 days.
Ten seeds from transgenic and non-transgenic lines were introduced
into glass vials covered with muslin cloth containing 10 pairs of newly
emerged adults (after 24 hr) from C. maculatus or Z. subfasciatus. The
system was kept in the dark. After 10 days, the number of eggs was
counted using a stereoscopic microscope with a 40× magnification.
The first 10 adult pairs emerging from each replicate were used to
infest other grains in order to evaluate the development of the subse-
quent generation. After the emergence of all adults, the number of
holes was recorded. The viability of the eggs was deduced by dividing
the total number of eggs in the infested seeds by the total number of
insects that emerged in each test. Percentage of loss or gain of mass
was computed by comparing the grains before infestation and the
grain consumed after infestation.
Experiments were performed in triplicates and repeated five
times. STATA 15 software was used for statistical analysis to generate
Chi-square (χ2) and mean comparisons t test of L3 and L5 with the
control (p ≤ .05) for both C. maculatus and Z. subfasciatus.
3 | RESULTS
The 12 bombardment procedures performed using 600 cowpea
embryos in this study resulted in a total of six genetically modified
lines, as confirmed by the presence of the Arc1 gene in the T0 plants
through PCR (Figure 2). All the plants presented normal phenotype,
were fertile and generated pods and seeds. The progenies of self-
fertilised transgenic plants were screened by PCR analysis for the
presence of the Arc1 gene. However, only two lines, denominated L3
and L5, transferred the transgene to the T1 generation. Chi-square
(χ2) analyses revealed a Mendelian segregation of 3:1 in these lines
where X2 = 0.90, p = .27, df = 1, for line L3 and X2 = 0.26, p = 0.26,
df = 1 for line L5.
Western blot analyses confirmed the expression of Arc1 protein
in seeds of both L3 and L5 transgenic cowpea lines, revealing two
specific bands of approximately 25 and 35 kDa (Figure 3). Arc1 pro-
tein has been shown to consist of a dimer and a tetramer. The protein
was initially found migrating in the range of 26–37 kDa. The differ-
ence in molecular mass of Arc1 as observed on SDS-PAGE in this
study is likely due to post-translational modification in the form of C-
terminal processing, including glycosylation and formation of dis-
ulphide bonds during seed maturation (Fabre et al., 1998; Mourey
et al., 1998; Sparvoli & Bollini, 1998). Seeds of L3 and L5 cowpea
transgenic lines were tested against Z. subfasciatus and C. maculatus.
In the bioassays, 10 couples were maintained in grains for 48 hr and
F IGURE 2 PCR analysis of six transformed lines (T0) for detection
of the Arc1 gene. Lanes 1 to 6: Transgenic lines. Lane 7: Non-
transgenic plant (control)
F IGURE 3 Detection of Arcelin 1 in seeds of the cowpea
transgenic lines L3 and L5 using Western blot. Proteins from non-
transgenic cowpea seeds were used as a negative control (control)
and total proteins from Phaseolus vulgaris Arc100, a natural source of
arcelin 1, were used as the positive control (PvArc100)
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then removed to another container. Ten days after removing these
insects, the number of eggs on the seeds was documented (Figure 4).
Comparisons between transgenic and non-transgenic grains in this
feeding experiment showed significant difference (p < .05 and p < .01)
in the number of eggs laid, the number of emerging insects and loss of
grain mass in L3, compared with control, for both insects in L3. In L5,
similar observations were made except for the number of eggs laid,
which were not significantly different (p < .01) compared with the
control in both insects (Tables S1 and S2).
In L3, the number of eggs laid by C. maculatus was counted as
190 ± 18.67 while the number of emerging insects was 65.73 ± 6.26
and the percentage loss of grain mass was 34.93 ± 3.55%. These
values were all significantly different compared to the control, where
oviposition was 199.46 ± 10.52 (p < .05), emerging insects were
98.53 ± 14.48 (p < .01) and percentage loss of grain mass was
52.53% ± 6.61.
For Z. subfasciatus in L3, 134.93 ± 14.84 eggs were laid, 30.2 ±
5.03 emerging insects were recorded and the loss of grain mass of
20.2% ±3.7 was observed. These values were all significantly different
(Tables S1 and S2), compared with the control, for which the number
of eggs laid was 148.46 ± 20.59 (p < .05), the number of emerging
insects was 81.46 ± 9.05 (p < .01) and grain mass loss was 44.00 ±
6.46 (p < .01).
In L5, the number of emerging insects was recorded as 73.26 ±
7.11 (for C. maculatus) and 28.00 ± 4.79 (for Z. subfasciatus). For loss
of grain mass, L5 presented 39.00% ± 8.23 for C. maculatus and
18.33% ± 3.24 for Z. subfasciatus. However, the number of eggs laid
on L5, by both insects, did not differ significantly between L5 and
control. In C. maculatus, the number of eggs laid on L5 was 195.06
± 8.73 and that of control was 199.46 ± 10.52. For Z. subfasciatus, the
number of eggs laid under L5 was 139.33 ± 13.18 while control pres-
ented 148.46 ± 20.59.
The decrease in average loss of grains is accounted for by a
decrease in emergence of insects. This implies that less grain mass will
be consumed by the larvae of these insects as they develop into
adults. In fact, the bioassay carried out with five consecutive genera-
tions of insects revealed a drastic reduction of proliferation of
Z. subfasciatus by the fifth generation, suggesting that being fed with
F IGURE 4 Challenging of the
transgenic seeds (R4 generation,
Lines L3 and L5) against
Callosobruchus maculatus and
Zabrotes subfasciatus. Ten seeds
from transgenic and non-
transgenic lines were incubated
with 10 couples of newly
emerged adults. After 10 days,
the number of eggs was scored,
and after the emergence of all
adults, the number of adults
emerging was recorded (number
of insects). The percentage of
loss of grain mass was scored by
comparing the grains before
infestation and the grain
consumed after infestation. Data
represent mean ± SEM. *p < .05,
***p < .01, n = 15
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genetically modified grains (especially the L3) made them progres-
sively weaker (Figure 5).
4 | DISCUSSION
Bruchids, in particular the Mexican bean weevil (Z. subfasciatus), are
important constraints to the production of cowpea in tropical and sub-
tropical regions (Abadassi, 2015). In this study, we demonstrated that
the overexpression of Arc1 gene from P. vulgaris in genetically modi-
fied cowpea was effective in conferring resistance to Z. subfasciatus.
However, most of the primary genetically modified lines generated in
the present study did not transfer the transgene to the T1 generation.
Although this low level of inheritance was also observed in other legu-
minous species, including soybean and common bean using the bio-
listic method (Romano et al., 2005), it was not observed in our
previous work with cowpea transformation (Ivo et al., 2008).
As expected, the expression of Arc1 in cowpea seeds did not
affect the oviposition of C. maculatus or Z. subfasciatus. This agrees
with the reported observation that bruchids were affected mainly dur-
ing their developmental stages rather than at the level of egg
(Janarthanan et al., 2012).
Generally, fewer adult insects emerged in all transgenic lines used
in this study when compared with controls. Similar observation was
made when analysing the biocidal effect of Arc1 on Z. subfasciatus
(Mourey et al., 1998; Zambre et al., 2005). This implies that less grain
mass will be consumed by the larvae of these insects as they develop
into adults. Literature shows that the percentage loss of grain mass
can be an indicator of resistance because it is normally consumed dur-
ing the development of the larvae (Paes et al., 2000; Velten et al.,
2007). A similar result was observed in a study using seeds of
P. vulgaris as a control (cv. Goiano Precoce) and wild accessions of
P. vulgaris containing arc1 protein (Access No. G12882) or arc5 pro-
tein (G02771) on Z. subfasciatus.
Eight different variants of Arc (Arc1 to Arc8) have been found in
wild P. vulgaris, and depending on the Arc variant and bruchid species,
varying degrees of resistance may occur (Lioi et al., 2003; Zaugg et al.,
2013). Wild P. vulgaris containing Arc1 and Arc5 confer resistance to
Z. subfasciatus, followed by Arc4 and Arc2, while Arc3 has been shown
to exhibit only moderate resistance (Osborn et al., 1986; Paes et al.,
2000; Lioi et al., 2003; Zaugg et al., 2013). Barbosa et al. (1999) stud-
ied the antibiosis effect of Arc in four alleles (Arc1, Arc2, Arc3 and
Arc4) using Z. subfasciatus, and showed that Arc1 conferred highest
levels of resistance to bruchid, with reduced oviposition, low adult
emergence and decreased adult longevity compared to other Arc vari-
ants. Studies conducted to assess the stability of resistance conferred
by two alleles (Arc1 and Arc4) to Z. subfasciatus for four consecutive
generations also showed that Arc1 maintained the resistance with
fewer emerged adults and no change in egg–adult period and the
number of eggs throughout the generations evaluated. However, only
Arc4 resulted decreased adult–egg period, while other parameters
remained stable (Barbosa et al., 2000). The main effect of Arc1 related
antibiosis in Z. subfasciatus was the inhibition of larval growth caused
by alteration of gut structure by the penetration of Arc into the hemo-
lymph of the bruchid (Paes et al., 2000; Blair et al., 2010; Zaugg et al.,
2013). These results justified the use of P. vulgaris Arc1 as candidate
gene for conferring cowpea resistance to Z. subfasciatus and
C. maculatus in the current work.
The lower emergence of adults was a factor responsible for the
maintenance of seed weight. We found that, in subsequent genera-
tions, insect populations were completely controlled. The expression
of Arc could be “stacked” with the expression of other insecticide pro-
teins, increasing antibiosis against bruchids. The use of additive genes
like Arc4 and Arc8, which have been shown to exhibit biocidal effects
in A. obtectus and Z. subfasciatus (Zaugg et al., 2013), may complement
the attempts to control these species over generations as made here.
Further experiments need to be conducted with Lines L3 and L5 to
evaluate the effectiveness of resistance to bruchids following natural
infestation under field conditions. The results presented here may
form the foundation of the development of a transformed cowpea
F IGURE 5 Effect of transgenic cowpea seeds on C. maculatus and
Z. subfasciatus populations over five insect generations. The first
10 adult pairs emerging from each generation were used in the next
infestation set of seeds to evaluate the development of subsequent
bruchid generation. The percentage of loss of grain was calculated by
comparing the losses in the transgenic seeds (Lines L3 and L5) with
the losses in the control (non-transgenic seeds) in each insect
generation. Data represent mean ± SEM, n = 3
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variety tolerant to bruchids in a crop considered by the Food and
Agricultural Organization (FAO) as an “orphan,” cultivated by poor
farmers throughout Latin America and Africa.
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